Identification of a novel structural interaction in Columnea latent viroid  by Owens, R.A. et al.
Identification of a novel structural interaction in Columnea latent viroid
R.A. Owens,a,*,1 T. Sano,b P.A. Feldstein,c,2 Y. Hu,c,3 and G. Stegerd,1
a Molecular Plant Pathology Laboratory, Plant Sciences Institute, USDA/ARS, Beltsville, MD 20705, USA
b Laboratory of Phytopathology, Faculty of Agriculture, Hirosaki University, Hirosaki 036, Japan
c Department of Plant Biology, University of Maryland, College Park, MD 20742, USA
d Institut fu¨r Physikalische Biologie, Heinriche-Heine-Universita¨t, D-40225 Du¨sseldorf, Germany
Received 23 January 2003; returned to author for revision 6 March 2003; accepted 22 April 2003
Abstract
Pairwise sequence comparisons suggest that Columnea latent viroid (CLVd) may have originated from a recombination event involving
Potato spindle tuber viroid (PSTVd) and Hop stunt viroid (HSVd). To examine the role of specific structural features in determining the
host range of CLVd, we constructed a series of interspecific chimeras by replacing increasing portions of its terminal left and pathogenicity
domains with the corresponding portions of PSTVd. Exchanges involving the left side of the pathogenicity domain led to lower rates of
progeny accumulation in tomato, but one of the resulting chimeras was still able to replicate in cucumber. Exchanges involving the right
side of the pathogenicity domain severely inhibited replication in tomato and appeared to abolish replication in cucumber. To identify
potential interactions between nucleotides comprising the right side of the pathogenicity domain and other portions of CLVd, melting
behaviors of circularized CLVd and PSTVd RNA transcripts were compared using a combination of temperature gradient gel electrophoresis
and structural calculations. These analyses revealed an unexpected complementarity between the upper portion of the pathogenicity and
terminal right domains of CLVd that facilitates breakdown of the rod-like native structure and formation of secondary hairpin II. Unlike
secondary hairpin II, CLVd hairpin IV appears likely to act within the context of the genomic RNA.
© 2003 Elsevier Science (USA). All rights reserved.
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Viroids are the smallest known agents of infectious dis-
ease—small (246–399 nt), highly structured, circular RNAs
that lack the protective capsid and mRNA activity charac-
teristic of viral RNAs yet are able to replicate autonomously
in susceptible plant species. To date, 28 distinct viroid
species have been identified (Flores et al., 1997; Owens,
1999). Columnea latent viroid (CLVd) and the more than 20
other members of the family Pospiviroidae possess a highly
base-paired, rod-like secondary structure that appears to be
organized into five structural/functional domains (Keese
and Symons, 1985). Pospiviroids replicate in the nuclei of
infected cells (Harders et al., 1989; Warrilow and Symons,
1999) where replication is inhibited by low levels of
-amanitin and appears to be catalyzed by DNA-dependent
RNA polymerase II (Schindler and Mu¨hlbach, 1992). Mem-
bers of the family Avsunviroidae, in contrast, replicate in the
chloroplast (Bonfiglioli et al., 1994; Lima et al., 1994), and
all except Avocado sunblotch viroid (ASBVd), the type
member, possess a branched secondary structure.
Efforts to understand how viroids replicate and cause
disease without the assistance of viroid-encoded polypep-
tides have prompted detailed physical chemical analyses of
their structure. Disruption of the rod-like native structure is
facilitated by the formation of several alternative interac-
tions known as “secondary hairpins” (reviewed by Riesner,
1987). Furthermore, processing of multimeric PSTVd
RNAs into circular monomeric progeny involves a coordi-
nated series of structural rearrangements within the central
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conserved region (Baumstark et al., 1997). Mutational anal-
ysis of Potato spindle tuber (PSTVd) and related pospivi-
roids has confirmed the functional importance of several
structural features first identified by physical methods; e.g.,
secondary hairpin II (Loss et al., 1991; Qu et al., 1993) as
well as a loop-E sequence within the lower portion of the
central conserved region (Wassenegger et al., 1996;
Schrader et al., 2003). Boundaries of pospiviroid structural
domains are marked by sharp differences in sequence sim-
ilarity, leading Keese and Symons (1985) to suggest a prom-
inent role for RNA recombination in viroid evolution.
Construction of artificial viroid chimeras containing se-
quences derived from variants of either a single viroid
(Visvader and Symons, 1986; Go´ra et al., 1996) or closely
related viroid species (Sano et al., 1992) has shown that
pathogenicity is controlled by determinants scattered
throughout the molecule. Factors controlling viroid host
range are less well understood, but point mutations in the
lower central conserved region dramatically alter the host
range of PSTVd (Wassenegger et al., 1996; Zhu et al.,
2002). For example, nucleotides C259 and U257 are part of a
loop E motif that is involved in cleavage/ligation of multi-
meric PSTVd RNAs in vitro (Baumstark et al., 1997), and
efficient replication in tobacco requires a sequence change
at one of these positions.
CLVd has been described as a “natural sequence mo-
saic,” the product of intracellular recombination between a
Hop stunt viroid (HSVd)-like and one or more PSTVd-like
viroids replicating in the same plant (Hammond at al.,
1989). Its anomalous electrophoretic mobility under non-
denaturing conditions suggests the presence of significant
tertiary structure, and an HSVd-like central conserved re-
gion may explain its ability to replicate and cause disease in
cucumber as well as tomato. The studies described below
were undertaken to better understand how various portions
of the CLVd genome contribute to its ability to replicate in
different host species. We show that CLVd is able to un-
dergo a unique structural transition in vitro, a transition that
appears important for its ability to replicate and move sys-
temically in vivo.
Results
The starting material for construction of PSTVd/CLVd
chimeras was an infectious CLVd cDNA containing 371 nt.
Compared to the sequence of CLVd-Beltsville (Hammond
et al., 1989), this clone contained two minor changes on the
right side of the molecule; i.e., a U 3 A substitution at
position 143 plus an additional C residue at position 148.
Fig. 1A shows the rod-like, lowest free energy structure of
this molecule. Nucleotides forming the stems of secondary
hairpins I (upper central conserved region) and II (lower
portions of the left terminal and variable domains) are
marked, as are the 5 and 3 termini of the precisely full-
length CLVd RNA generated by ribozyme cleavage in vitro.
Pairwise comparisons with other pospiviroids showed
CLVd to be most closely related to PSTVd and Tomato
chlorotic dwarf viroid (Fig. 1B). Similarities to PSTVd are
not uniformly distributed throughout the molecule but con-
centrated within the terminal left and terminal right do-
mains. The central portion of the pathogenicity domain also
contains small blocks of sequence identical to those found
in PSTVd. The central conserved region of CLVd appears to
be much more closely related to the corresponding region of
HSVd. As shown in Fig. 1C, the upper and lower portions
of their central conserved regions contain stretches of 19
and 21 identical nucleotides, respectively. In light of the
relative scarcity of mutations within the central conserved
region of PSTVd (see bar graph in Fig. 1A), a recombina-
tion event in which the central conserved region of PSTVd
(or other closely related pospiviroid) was replaced by the
corresponding portion of HSVd seems a more likely expla-
nation for the origin of CLVd than mutational drift (Ham-
mond et al., 1989).
To investigate the effect of such a recombination event
on viroid infectivity, a series of preliminary experiments
was carried out in which the central conserved region of
Tomato apical stunt viroid (TASVd) was replaced with the
corresponding portions of HSVd and the resulting chimera
tested for infectivity. To minimize unexpected structural
effects, only those sequences defined by the stems of sec-
ondary hairpin I in the upper strand (see Fig. 1A) as well as
the corresponding portion of the lower strand were ex-
changed. Unfortunately, precisely full-length RNA tran-
scripts derived from this chimeric cDNA were not infec-
tious (results not shown).
Construction of infectious PSTVd/CLVd chimeras
When exchanges involving the entire central conserved
region proved problematic, we decided to pursue a more
conservative strategy in our efforts to identify the host range
determinant(s) of CLVd. Rather than re-creating other pu-
tative products of interspecific RNA recombination, we
began to work backward from their present day, fully func-
tional derivative (i.e., CLVd). As shown in Fig. 2, a series
of six chimeric cDNAs was constructed in which succes-
sively greater portions of the left side of CLVd were re-
placed by the corresponding portions of PSTVd-Int. The
chimera termed “CLVd-TL” differs from wild-type CLVd
by only two point mutations; i.e., A 3 U substitutions at
positions 28 and 364. In chimera “TL-Path,” the sequence
changes extend into the left side of the pathogenicity do-
main and include a block of nucleotides involved in forma-
tion of secondary hairpin II. Chimera “Path-CCR” tests the
effect of replacing sequences stretching from the right side
of the pathogencity domain toward the central conserved
region. In chimera “TL-CCRInt,” the entire left side of CLVd
has been replaced by the corresponding portion of PSTVd-
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-Int. Because the sequences forming the stem of secondary
hairpin II in PSTVd and CLVd are not identical (see Fig.
2B), we constructed two additional chimeras (designated by
the subscript “Mut”) to control for the probable negative
effects of destabilizing this important structure. In these
molecules, the C:G and A:U pairs formed by nucleotides 42
 319 and 45  315 in PSTVd-Int were replaced by G:C
pairs, thereby restoring the ability of chimeras “TL-PathMut”
and “TL-CCRMut” to form a wild-type secondary hairpin II
stem.
The infectivity of each chimera was assessed in a series
of whole plant bioassays, two assays using tomato as host
and one using cucumber. Data from these experiments are
summarized in Table 1. Comparison of the numbers of
infected plants on lines 1 and 2 revealed that the presence of
two point mutations in the terminal left domain of CLVd
had little or no effect on infectivity—in either tomato or
cucumber. More extensive sequence replacements were del-
eterious, however. Substitutions extending into the left side
of the pathogenicity domain appeared to slow the rate of
progeny accumulation for chimeras TL-PathInt and TL-
PathMut. Appearance of progeny in the tops of inoculated
tomato seedlings was delayed, and the final concentration of
either chimera was approximately 25-fold lower than that of
either wild-type CLVd or the TL chimera. The effect of
replacing sequences from the right side of the pathogenicity
domain was even more dramatic. Ten weeks postinocula-
tion (p.i.), only a single tomato plant inoculated with chi-
mera Path-CCR had become infected. As one might expect
from such a result, replacing the entire left side of CLVd
with the corresponding portion of PSTVd (either PSTVd-Int
or a mutant that restores the ability of the chimera to form
a secondary hairpin II stem containing 11 base-pairs) ap-
peared to completely abolish infectivity. Comparing the
results from the tomato and cucumber bioassays, cucumber
appeared to be the more selective host—allowing only those
CLVd variants of near wild-type fitness to replicate and
spread systemically.
Fig. 1. Structural features of CLVd. (A) Lowest free energy structure of an infectious variant of CLVd-Beltsville. Sequences forming the stems of secondary
hairpins I and II are underlined, and positions of restriction sites used to exchange cDNA fragments as well as the initiation of in vitro transcription at
nucleotide 105 in the upper portion of the central conserved region are marked. Arrows, positions of single base substitutions interrupting otherwise identical
nucleotide sequences (shown in italics) in the left and right terminal domains of CLVd and PSTVd; asterisks, differences with the consensus sequence
reported by Hammond et al. (1989). For each of the five proposed structural domains, percentage identity to PSTVd-Int is shown in parentheses. Bar graph
depicts sequence variation among naturally occurring isolates of PSTVd. (B) Overall percentage identity between CLVd and seven other pospiviroids: CEVd,
Citrus exocortis viroid; TCDVd, Tomato chlorotic dwarf viroid; CSVd, Chrysanthemum stunt viroid; TASVd, Tomato apical stunt viroid; TPMVd, Tomato
planta macho viroid; and IrVd, Iresine viroid. (C) Sequence similarities within the central conserved regions of CLVd, HSVd, and PSTVd. Dots indicate
sequence identity.
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Characterization of chimeric progeny
The progeny derived from certain viroid variants are
often more heterogeneous than those derived from the re-
spective wild-type sequences (Gora´-Sochacka et al., 1997;
Ambro´s et al., 1999; Matousek et al., 2001), a result that
suggests that less-fit variants may tolerate additional muta-
tions better than variants that are more fit. Progeny accu-
mulated in plants inoculated with chimeras TL-CCR and, to
a lesser extent, TL-Path much more slowly than those inoc-
Fig. 2. Sequence similarities between CLVd and PSTVd. (A) Schematic representation of CLVd in which regions of identity (or nearly identity) with PSTVd
have been shaded. Vertical arrows, two single nucleotide changes near the left terminal loop; horizontal bars, positions of sequences involved in the formation
of secondary hairpins I and II. Numbers indicate the boundaries of CLVd sequences exchanged during chimera formation. In the four CLVd/PSTVd chimeras
shown in (B), increasing proportions of the left side of CLVd have been replaced by the corresponding portions of PSTVd. Expanded views of CLVd and
PSTVd show the blocks of identical sequence (bold italics) in the central portion of the pathogenicity and terminal left domains. Nucleotides involved in the
formation of secondary hairpin II are underlined, and the positions of mutations restoring the ability of the chimera CLVd: TL-PathMut to form an 11-bp stem
are indicated by arrows.
Table 1
Infectivity of chimeric PSTVd/CLVd RNAs
Inoculum Infectivity Relative concentration
Tomato 1 Tomato 2 Cucumber Tomato 1 Cucumber
21 days 42 days 67 days 42 days 60 days 70 days 28 days 42 days 64 days
CLVd 5/5a 10/10 NT b b b 2/3c NT 9/9 25 2.5–5
TL 5/5a b NT b NT NT 2/3c 3/3c 9/9 25 2.5–5
(TL-Path)Int 0/5a 2/5a 5/5a 2/5a 5/5a NT 0/3c 0/3c 0/3c 1 —
(TL-Path)Mut 0/5a 4/5a 5/5a 4/5a 5/5a NT 0/3c 0/3c 1/3c 1 ND
Path-CCR 0/5a 0/5a NT 0/5a 0/5a 1/10 0/3c 0/3c 0/3c — —
(TL-CCR)Int 0/5a 0/5a 0/5a 0/5a 0/5a NT 0/3c 0/3c 0/3c — —
(TL-CCR)Mut 0/5a 0/5a 0/5a 0/5a 0/5a NT 0/3c 0/3c 0/3c — —
Note. Inoculum concentrations: tomato assay 1, 700–1400 pg/l; tomato assay 2, 1000–2000 pg/l; cucumber assay, 1000 pg/l. NT, not tested; ND, not
determined.
a Two plants/pot; samples combined before analysis.
b Samples pooled within treatments before analysis.
c Three plants/pot; samples combined before analysis.
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ulated with wild-type CLVd; furthermore, both chimeras
reached only low titers in the upper leaves. Progeny recov-
ered from individual infected plants were screened for the
presence of spontaneous mutations in a major fraction of the
population by RT-PCR followed by sequence analysis of
uncloned PCR products. Results of these analyses are sum-
marized in Table 2.
Of all the viroids tested, only chimera TL was stably
maintained in both tomato and cucumber. Progeny from
wild-type CLVd showed evidence of a G/A transition at
position 292. This G residue is unpaired in the presumed
native structure of CLVd (see Fig. 1), and the same change
was detected in TL-PathMut as well as naturally occurring
CLVd strains isolated from Nematanthus wettsteinii (Singh
et al., 1992) and Brunsfelsia undulata (Spieker, 1996).
Progeny from both TL-PathInt and Path-CCR contained a
spontaneous U/A transversion at position 125. Other muta-
tions in the pathogenicity or variable domains were detected
only once, but one of these changes (i.e., a spontaneous A/G
transition at position 239) may act to stabilize secondary
hairpin II. The stem of CLVd secondary hairpin II contains
11 bp, while that of PSTVd contains only 10 bp (see Fig. 1).
Creation of the chimera TL-PathInt introduces a G:G mis-
match into an otherwise perfectly base-paired helix, and,
based on previous results with PSTVd (Loss et al., 1991; Qu
et al., 1993), one might have expected to observe a sponta-
neous G/C transversion at either position 236 or 331. One
effect of the A/G transition at position 239 may be to add an
additional G:C base pair to the stem of secondary hairpin II.
Effects of sequence substitutions on CLVd structural
properties
Nucleotides from the lower left side of the pathogenicity
domain are directly involved in the formation of secondary
hairpin II (see Figs. 1 and 2). Results from our bioassays
indicated, however, that changes on the right side of the
pathogenicity domain had a much greater effect on CLVd
infectivity. To investigate the possible effects of such
changes on the structural dynamics of CLVd, we used a
combination of temperature gradient gel electrophoresis
(TGGE; Riesner et al., 1989) and computer simulation
(Lu¨ck et al., 1999). The results of these analyses are sum-
marized in Fig. 3.
TGGE provides a sensitive means for monitoring helix-
coil transitions in nucleic acids (Riesner et al., 1989). Fig.
3A compares the denaturation profiles of 32P-labeled CLVd
and PSTVd under low ionic strength conditions (i.e., 5 mM
NaCl). Both viroids can be seen to undergo a highly coop-
erative transition from their highly base-paired, rod-like
native structure to an open conformation that contains sev-
eral particularly stable secondary hairpins. This highly co-
operative transition results in a dramatic decrease in elec-
trophoretic mobility. Note, however, that the ascending
portion of the CLVd transition is much fainter than that of
PSTVd. Among the possible explanations for such a “dis-
continuity” is the formation of additional secondary inter-
action(s) that prevents reformation of the native structure
during denaturation. Using ConStruct-2.0 to search for se-
quence complementarities present in CLVd but not PSTVd,
we identified a possible interaction between CLVd nucleo-
tides 67–88 and 194–215.
Based on a multiple sequence alignment containing the
sequences of interest, ConStruct calculates a series of opti-
mal and suboptimal structures for each sequence at a tem-
perature that is specified by the user. Using a graphical user
interface, these structures can then be examined either as an
ensemble or sequence by sequence. Repeating these calcu-
lations at increasing temperatures allows one to examine the
melting process of each RNA in the alignment. The dot
plots shown in Figs. 3B and C compare the structural in-
teractions present in PSTVd and CLVd at temperatures near
their respective Tm values. Because these calculations as-
sume a NaCl concentration that is much higher than that
Table 2
Spontaneous sequence changes in CLVd and chimeric progeny
Viroid Host Timea Spontaneous changesb
CLVd: Wild-type Cucumber 7 weeks G292 3 A
CLVd: TL Tomato 7 weeks None
Cucumber 7 weeks None
CLVd: TL-PathInt Tomato (plant 1) 7 weeks U125 3 A
Tomato (plant 2) 7 weeks A247 3 U
10 weeks A62; U127 3 C
CLVd: TL-PathMut Tomato (plant 1) 7 weeks None
Tomato (plant 2) 7 weeks None
10 weeks A239 3 G; G292 3 A; U319 3 A
CLVd: Path-CCR Tomato 10 weeks C292 3 U; U125 3 A
a Weeks postinoculation
b Locations of spontaneous changes in chimeras are specified by reference to the parental sequence, CLVd: Wild-type. Actual positions differ by either
two (CLVd: TL-Path) or five nucleotide (CLVd: Path-CCR) depending on the total length of the respective molecules.
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Fig. 3. Structural properties of CLVd. (A) Temperature gradient gel electrophoresis of circularized [32P]CLVd RNA transcripts. Migration is from top ()
to bottom (). Boundaries of the 25–65°C temperature gradient and positions of circular (C) and linear (L) CLVd RNAs are marked. The inset shows the
behavior of circularized [32P]PSTVd RNA transcripts under identical conditions. Midpoints of the respective transitions are indicated by arrows. Portions of
the melting profile of a second RNA added to the PSTVd analysis are visible in the inset. (B and C) Dot-plot diagrams showing base pairings in PSTVd (B)
and CLVd (C) RNAs at temperatures near their respective Tm values (as calculated in 1 M NaCl). Positions of secondary hairpins I–IV are indicated by Roman
numerals. In B, the dashed circle indicates the position of hairpin IV (not present in PSTVd); in C, the dashed circles indicate the positions of hairpins I and
III (not present in CLVd). The structure of CLVd secondary hairpin IV is shown in the lower left corner of C.
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used for TGGE analysis (i.e., 1 M vs 5 mM), Tm values in
Figs. 3A and C are not directly comparable.
Important features of Fig. 3B include remnants of the
rod-like PSTVd native structure that predominates at lower
temperatures (visible as the faint series of dots on the
diagonal in the center of the diagram) and newly formed
secondary hairpins I–III. Note the absence of any interaction
between nucleotides located in the pathogenicity domain
and right terminal loop of PSTVd (empty circle). Turning to
CLVd, examination of Fig. 3C reveals the following: (i) the
presence of secondary hairpin II; (ii) the virtual absence of
secondary hairpin I; and (iii) the appearance of a new
interaction (hairpin IV) between nucleotides 67–88 and
194–215. Unlike secondary hairpins I and II, hairpin IV
involves not a single continuous helix but a series of four
helices interrupted by small, symmetrical internal loops. An
expanded view of this structure is shown in the lower left
corner of Fig. 3C.
The ability of CLVd to form this novel interaction im-
mediately raised several questions: Is CLVd unique among
the pospiviroids in this regard? What is the relationship
between the formation of hairpin IV and formation of sec-
ondary hairpins I and II? Do these interactions occur simul-
taneously or in a specific order? Repeating our ConStruct
analysis with an alignment containing additional pospivi-
roids revealed this interaction to be unique to CLVd. Fur-
thermore, positions 67–88 and 194–215 are conserved
among the three naturally occurring strains of CLVd (results
not shown). We also examined a series of dot plots calcu-
lated at increasing temperatures for the relative abundance
of CLVd secondary hairpins I, II, and IV. Breakdown of the
native structure was accompanied by a simultaneous in-
crease in the abundance of secondary hairpins II and IV;
interestingly, there was no evidence for the formation of
CLVd hairpin I at any temperature. Formation of secondary
hairpin IV appears to block the ability of CLVd nucleotides
86–94 to form hairpin I by interacting with nearby positions
109–117. The fact that four of 19 base-pairs in CLVd
hairpin IV are G:U pairs suggests that this interaction,
unlike secondary hairpin II, acts within the context of the
()-strand RNA.
Discussion
Previous studies have shown that structural elements
within the central conserved region play a key role in
regulating the host range of PSTVd. The KF440-2 strain of
PSTVd replicates very poorly in tobacco, but introduction
of a single C3 U change at position 259 allows the viroid
to establish a systemic infection (Wassenegger et al., 1996).
More recently, Qi and Ding (2002) have shown that intro-
duction of either a C3 U change at position 259 or a U3
A/C change at position 257 results in a 5- to 10-fold in-
crease in the rate of PSTVd replication in tobacco proto-
plasts. Both positions are part of a loop E-like structure
shown by Baumstark et al. (1997) to be involved in cleav-
age/ligation of a longer-than-unit-length ()PSTVd ()-
strand RNA in vitro. In tomato, infectivity studies with
interspecific chimeras between CEVd and either TASVd or
HSVd have shown that replication is also modulated by
structural elements in the variable and/or right terminal
domains (Sano et al., 1992; Sano and Ishiguro, 1998).
Our initial attempts to directly examine the role of its
HSVd-like central conserved region in determining the host
range of CLVd were unsuccessful. When we replaced the
entire central conserved region of TASVd with the corre-
sponding portion of HSVd (thereby re-creating the postu-
lated first step in the origin of CLVd), the resulting chimera
was unable to replicate and spread systemically in either
tomato or cucumber. Precisely why this TASVd/HSVd was
noninfectious is unclear, but sequences located outside the
central conserved region of PSTVd are known to play a role
in the structural rearrangements necessary to form the pro-
cessing site needed for efficient cleavage/ligation (Baum-
stark and Riesner, 1995). Fortunately, less extensive ex-
changes involving only sequences within the pathogenicity
domains of PSTVd and CLVd did not abolish infectivity.
More importantly, comparison of the structural and biolog-
ical properties of these PSTVd/CLVd chimeras with those
of other pospiviroids suggests that a previously unsuspected
interaction between nucleotides in the pathogenicity domain
and right terminal loop plays a critical role in the replication
and/or movement of CLVd.
As discussed by Riesner (1987), denaturation of all
pospiviroids except Coconut cadang-cadang viroid leads to
the formation of two or more secondary hairpins. Formation
of these hairpins facilitates the viroids’ transition from their
rod-like native structure to a branched, more open confor-
mation in vitro. Secondary hairpin II has also been shown to
play an important role in PSTVd replication in vivo—most
probably in the context of the complementary, minus-strand
RNA (Loss et al., 1991; Qu et al., 1993). The role of
secondary hairpin I is less clear. Diener (1986) proposed
that a variant of this interaction (the so-called “trihelical
domain”) forms the processing site at which multimeric
viroid RNAs are converted to monomeric progeny, but
detailed studies of PSTVd cleavage/ligation in cell-free nu-
clear extracts point to a different mechanism (Baumstark et
al., 1997). Formation of secondary hairpin III involves se-
quences located in upper portions of the variable and right
terminal domains and appears to be a unique property of
PSTVd.
TGGE analysis revealed that CLVd and PSTVd differ sig-
nificantly in their structural properties. These differences are
summarized schematically in Fig. 4. Partial disruption of the
native structure of both viroids allows formation of three sec-
ondary hairpins. While nucleotides forming the stems of hair-
pins I and II occupy similar positions in CLVd and PSTVd,
CLVd hairpin IV differs in at least two important respects from
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PSTVd hairpin III: First, its stem is considerably longer and
more stable than that of its PSTVd counterpart (19 vs 9 bp);
second, nucleotides 67–88 from the upper portion of the patho-
genicity domain that form one-half of this stem overlap the 5
portion of CLVd hairpin I (i.e., nucleotides 86–94). While not
mutually exclusive, these two hairpins may thus be in compe-
tition; similarly, CLVd hairpins II and IV may also coexist
over a broader range of temperatures than hairpins II and III of
PSTVd. The net effect of these differences may be to render
the CLVd transition essentially irreversible, trapping partially
denatured molecules by the formation of two (rather than one)
stable hairpins.
Additional structural studies, including temperature jump
analysis (Henco et al., 1979), will be required to confirm the
differences in CLVd and PSTVd structural organization sug-
gested by TGGE. Nevertheless, it is likely that these differ-
ences in structural organization have definite biological effects.
The fact that disrupting the ability to form hairpin IV nearly
abolished CLVd infectivity suggests that this interaction plays
a crucial role in replication and/or movement.
Deletions on the right side of the pathogenicity domain
of PSTVd have been reported to lead to the formation of
smaller RNA replicons (Wassenegger et al., 1994). Our
results suggest that CLVd would not tolerate similar dele-
tions. Also, sequence duplications are known to occur in the
right terminal loop of both Coconut cadang-cadang viroid
(Haseloff et al., 1982) and CEVd (Semancik et al., 1994).
Our results suggest that such duplications would disrupt the
ability of CLVd to form hairpin IV. Clearly, the generation
of viable pospiviroids via recombination in vivo is not as
simple as might be expected from a schematic drawing of
their native rod-like ()strand RNAs, and the possibility of
convergent evolution should be considered. An increasing
body of evidence points to structural rearrangements involv-
ing both ()- and ()-strand RNAs as playing a crucial role
in viroid replication and perhaps other biological functions.
Even as these events are beginning to be dissected using
well-studied viroids such as PSTVd and ASBVd, our results
strongly suggest that an additional layer of structural com-
plexity remains to be explored.
Fig. 4. Comparison of PSTVd and CLVd structural transitions. The PSTVd denaturation mechanism shown in (A) is essentially that described by Riesner
(1987). Note that disruption of base-pairing in the left side of the native structure is followed by the simultaneous formation of secondary hairpins I–III. For
CLVd (B), denaturation is initiated by rearrangement of the central conserved region. Hairpin IV in CLVd is longer and more stable than PSTVd hairpin
III. Formation of hairpin IV may have two effects; i.e., acceleration of hairpin II formation via disruption of base-pairing in the right side of CLVd and
destabilization of the partially overlapping hairpin I. The kinetic intermediates shown to the right of the double arrow (A and B) are not directly observable
by TGGE.
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Materials and methods
Construction of CLVd and chimeric PSTVd/CLVd cDNAs
Construction of plasmid pCol.3.12, a pUC9 recombinant
containing a full-length clone of CLVd cDNA with PstI
termini derived from the upper portion of the pathogenicity
domain was described elsewhere (Hammond et al., 1989).
Plasmid pST64-B5 (Owens et al., 1986) is a pSP64 recom-
binant containing a full-length PSTVd-intermediate cDNA
clone with BamHI termini. Plasmid pTZ18R is a pUC119
recombinant containing a paperclip (or hairpin) ribozyme
sequence designed to leave the sequence CCCCGGGp at
the 3 end of a ()-strand PSTVd or ()-strand TPMVd
()-strand RNA transcript (Feldstein et al., 1998). Se-
quences derived from these DNAs were used to construct a
series of pUC119 recombinants in which a full-length
CLVd or chimeric PSTVd/CLVd cDNA is flanked by a T7
RNA polymerase promoter (5) and a specially modified
version of the satellite tobacco ringspot virus paperclip
ribozyme (3). Transcription of such DNA templates ini-
tiates at CLVd position G105, and the resulting RNA mol-
ecules spontaneously self-cleave in vitro to release precisely
full-length viroid RNA whose 2,3-cyclic phosphate termi-
nus is derived from position 104.
First, polylinker sequences preceding the ribozyme por-
tion of plasmid pTZ18R were removed by digestion with
PstI  XmaI and replaced with a 65-bp PstI/XmaI fragment
of CLVd cDNA derived from positions 40–104. Next, pro-
moter sequences for T7 RNA polymerase were fused to the
upper central conserved region of CLVd (i.e., position 105)
via PCR. Template for the PCR (30 cycles—94° (1 min),
42° (1 min), 72° (1 min)—30 cycles) was pCol.3.12, and the
primers were the M13 forward sequencing primer (5-GTA-
AAACGACGGCCAGT-3) and T7/CLVd-5 (see Table 3).
The resulting T7/CLVd cDNA fusion (365 bp) was digested
with XbaI PstI and recloned between the HindIII and PstI
sites of plasmid pUC119. Prior to ligation, the XbaI site of
the promoter/CLVd cDNA insert and the HindIII site of the
vector DNA were partially filled in by incubation with
Klenow fragment and either dCTPdTTP or dATPdGTP.
The resulting plasmid was designated pCLVRbz-1a.
Single nucleotide substitutions were introduced into the
TL domain of CLVd at positions 28 and 363 using an
overlap extension strategy (Ho et al., 1989) and primers
ST/CL-3 and ST/CL-4. As illustrated schematically in Fig.
1, more complex mutations were introduced near the left
and right borders of the pathogenicity domain via replace-
ment of a 208-bp AgeI-XmaI fragment of CLVd cDNA
containing positions 267 3 371/1 3 104 with the corre-
sponding fragment from altered cDNAs. PCR reactions
containing primers ST/CL-1 and ST/CL-2 plus plasmid
pCLVRbz-la DNA as template were used to replace se-
quences between the pathogenicity domain and CCR of
CLVd with the corresponding sequences from PSTVd-in-
termediate. Primers ST/CL-5 and ST/CL-6 and a PSTVd-
intermediate DNA template were used to replace sequences
between the pathogenicity and TL domains. Recombinant
plasmids were propagated in Escherichia coli strains JM83
or DH5 using 1 yeast-tryptone media supplemented with
50–100 g/ml ampicillin (Sambrook and Russell, 2001),
and all cloned cDNAs were completely sequenced prior to
use to ensure the absence of unintended mutations (Gen-
Bank Accession Nos. AY222072–AY222078).
Synthesis and bioassay of RNA transcripts
Viroid cDNA templates were prepared using a PCR
bacterial colony miniprep procedure (Sambrook and Rus-
sell, 2001) and the M13 forward and reverse-5 (5-CAG-
GAAACAGCTATGA-3) primers followed by purification
with the Wizard PCR Preps DNA purification system (Pro-
mega). Transcription reactions containing T7 RNA poly-
merase were incubated for 3–4 h at 37°C as described by
the manufacturer (Promega) except for an increase in the
MgCl2 concentration to 15 mM. After removal of the DNA
template by digestion with RNase-free DNase, unlabeled
Table 3
Oligonucleotides used in the construction and characterization of PSTVd/CLVd chimeras
Primer Sequence Positions
T7/CLV-5 cctctagatacgactcactataGCAACTCAGACCGAG 105 3 119
ST/CL-1 CGCGACCGGTGGCATCACCGAGTTGCTCCCGAGAACCGCTT 264 3 288/282 3 297
ST/CL-2 TGCCCCGGGGCTCCTGAGACCGCTCCTCCGAGCCGCC 107 3 86/78 3 64
ST/CL-3 GAACTAAACTCGTGGTTCCTGTGGTTCACAC 3 3 33
ST/CL-4 AGTTTAGTTCCGAGGAACCAACTG 12 3 359
ST/CL-5 GTTGCCCCGGGGCTCCTGAGACCGCTCTTGCGCTCTCCCTCCCGTTCTTTTTTCTTTT 109 3 52/50 3 63
ST/CL-6 GTTGCTCGAGCCTCAACCTCCTTTTTCTCTATCTTA 285 3 320/295 3 310
CLV-1 ggggtaccccAAACCCTGTTTCAGCTGGA 185 3 166
CLV-2 ggggtaccccTCACCCTTCCTTTCCCTTCTGG 186 3 205
Note. Upper case, CLVd-specific nucleotides; bold italics, PSTVd-specific nucleotides; lower case, nonviroid nucleotides. Sequence of T7 promoter in
primer T7/CLV-5 is underlined. Uses: T7/CLV-5, fusion of T7 promoter to CLVd cDNA 5-terminus; ST/CL-1, 2, introduction of PSTVd-specific
substitutions in the Path–CCR region; ST/CL-3, 4, introduction of PSTVd-specific substitutions at positions 28 and 363 in the TL region; ST/CL-5, 6,
introduction of PSTVd-specific substitutions in the TL–Path region; CLV-1, 2, RT-PCR analysis of CLVd and CLVd/PSTVd chimeric progeny.
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transcripts intended for bioassays were recovered by phe-
nol-chloroform extraction and ethanol precipitation. RNA
pellets were dissolved in sterile water and stored at 20°C
prior to use.
Viroid RNAs were diluted to a final concentration of
0.1–100 ng/l using 20 mM Na phosphate buffer (pH 7.0),
and aliquots (10 l) were rubbed on the carborundum-
dusted cotyledons of week-old tomato (Lycopersicon escu-
lentum Mill. cv. Rutgers) or cucumber (Cucumis sativus L.
cv. Suyo) seedlings using a sterilized glass rod. Inoculated
plants were maintained in a greenhouse for 6–7 weeks
under conditions suitable for viroid replication, and samples
of tissue collected from the uppermost leaves of individual
plants were periodically assayed for the presence of viroid
progeny by dot-blot hybridization using full-length, digoxi-
genin-labeled RNA probes specific for ()PSTVd or
()CLVd (Podleckis et al., 1993).
Electrophoretic analysis of viroid RNAs synthesized in
vitro
Temperature gradient gel electrophoresis of circularized
32P-labeled viroid RNAs was carried out in 5% (w/v) poly-
acrylamide gels containing 0.2 TBE, 5 mM NaCl as
previously described (Owens et al., 1995). A temperature
gradient of 25–65°C was used for each analysis, and in
certain cases, an approximately equimolar amount (ca. 40–
60,000 cpm) of circularized PSTVd-intermediate was added
to the CLVd-related RNA before application to the single
12-cm sample slot. Following electrophoresis, gels were
fixed in 10% ethanol and 1% acetic acid and dried before
imaging using a model GS-363 molecular imaging system
(Bio-Rad).
Characterization of viroid progeny synthesized in vivo
Total RNA was isolated from samples (0.1 g) of leaf
tissue collected from individual tomato or cucumber plants
using the TRI reagent (Molecular Research Center) and
quantitated by UV spectrophotometry. Viroid RNA concen-
trations were estimated by dot-blot hybridization as de-
scribed above. Primers CLVd-1 and CLVd-2 (Table 1) were
used to amplify full-length cDNAs derived from CLVd and
chimeric viroids by RT-PCR. Initial cDNA synthesis reac-
tions were primed with a mixture of random hexanucleo-
tides (Owens et al., 1991), and the PCR reactions were
carried out essentially as suggested by the manufacturer
[i.e., 35–40 cycles of 94°C (1 min), 55°C (2 min), 72°C (3
min)]. Following phenol-chloroform extraction and elution
from Prep-A-Gene matrix (Bio-Rad), sequence analysis of
the double-stranded PCR products was carried out on model
373 automated DNA sequencer using a DyeDeoxy Termi-
nator Cycle Sequencing Kit (Applied Biosystems).
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